INTRODUCTION
Description of pubertal development in bulls has been limited primarily to the dairy breeds, and few characterizations have been published for beef bulls (Barber and Almquist, 1975; Swanson et al., 1971; Wolf et al., 1965) .
Selection and management of young beef bulls is hampered by the lack of information on puberty, and breed comparisons and delineation of breed differences at puberty have yet to be defined. An understanding of the sexual maturation processes in bulls is necessary before attempts can be made to alter or exploit rates of maturation to the advantage of the beef industry.
The primary objectives of this study were to characterize the changes associated with onset of puberty in beef bulls and to define breed differences at puberty, including the relationships between endocrine, anatomical, spermatogenie and behavioral factors.
MATERIALS AND METHODS
Thirty-one straightbred and crossbred bulls, born in May 1974, were evaluated from 7 through 13 months of age. Breed groups and 1054 JOURNAL OF ANIMAL SCIENCE, Vol. 46, No. 4 (1978) number of bulls per group were: five Hereford (H), five Angus (A), six H• crossbreds (Hx A), five A• H crossbreds (Ax H), five Red Poll (RP) and five Brown Swiss (BS). Bulls with adjusted weaning weights approximating the average of large peer groups and with dams of similar age were selected to represent each breed. All bulls had been subjected to the same managerial and environmental influences from birth. Bulls were weaned at 131 -+ .2 days of age and were penned together through 13 months of age. Evaluation of sexual aggressiveness, testicular size, body weight, blood hormones and sperm production was performed every 2 weeks from December to June. Bulls were fed the same ration from weaning to completion of the study. The ration consisted of corn silage (60%, alfalfa haylage (20%, corn (18%, and 2% supplement fed ad libitum. On a dry matter basis, the ration contained 2.44 Mcal NE/kg and 12% crude protein, and daily dry matter consumption averaged 7.9 kg/head/day during the 7-month evaluation period.
Blood was collected by jugular puncture within 1 min after restraint of bulls in a squeeze chute. One 15 ml blood sample was collected from each bull biweekly and individuals were sampled in random order. Blood was allowed to coagulate under refrigeration and serum stored at -20 C until assayed. Immediately following blood collection, scrotal circumference was measured as described by Hahn et al. (1969) and semen was collected by electroejaculation. Detachment of the sheath (prepuce) was evaluated by observation of the erect, extended penis during electroejaculation. Complete detachment of the sheath was recorded when the penis could be fully-extended with no vestiges of preputial attachment along the body of the penis. The following day, sexual aggressiveness (libido) was evaluated. Libido tests were conducted in a semicircular pen, 8 m in radius, visually separated from untested bulls by solid 4purified ovine LH (LER-1056-C2) was obtained from Dr. L. E. Reichert, Emory University, Atlanta, GA.
s Antiserum to bovine LH (DJB 3-12/11) and sheep anti-rabbit "r-globulin (DJB 5• 3) were obtained from Dr. D. J. Bolt, USDA-ARS, Behsville, MD.
~purified bovine LH (NIH-LH-B8), used as a standard, was a gift from the Endocrine Study Section, NIH, Bethesda, MD. plywood panels. Each bull was exposed to three ovariectomized, estrus-induced heifers during a 5-min test period, and the test period began when the bull entered the pen. Recorded behavior included first sexual interest (first oriented mount), abortive mounts and completed matings. Any mount that did not culminate in ejaculation was classified as abortive.
Testosterone (T) was quantified by radioimmunoassay utilizing antibody S-741-#2 purchased from Dr. G. Abraham, UCLA School of Medicine, Harbor General Hospital, Torrance, CA. Antibody specificity has been published previously (Abraham et al., 1972) . Onehundred microliters of serum, .4 ml of saline and one drop of NHaOH (30%, w/w) were placed in a vial and extracted twice with 2 ml of diethyl ether. Ether extracts were transferred to 12 x 75 mm tubes, evaporated under nitrogen gas flow and assayed directly without further purification. Minimum sensitivity of the assay was 25 pg of testosterone. The intraassay coefficient of variation for duplicate determinations was less than 10%. The inte, ssay coefficient of variation for a pool of bull serum containing 3.5 ng/ml was 9%. Correlation between T added to serum and the amount determined in excess of initial concentration was .993 for duplicate determinations of four levels of T ranging from .25 to 2.0 nanograms.
Serum luteinizing hormones (LH) concentrations were determined by use of a double antibody radioimmunoassay similar to that reported by Niswender et al. (1969) . Purified ovine LH 4 was labelled with 1 u s I by the method of Greenwood et al. (1963) and separated on a 1 • 30 cm Sephadex G-100 column. The descending portion of the radiolabeled LH peak was diluted with .1 gelatin-PBS to 50,000 cpm/milliliter. The LH antibody s bound more than 90% of the LH -l 2 s I at a dilution of 1 : 300 and 45 to 50% at a working dilution of 1:40,000. Crossreactivity of the antibody was parallel and equal to the concentration of bioassayable LH in National Institute of Health preparations of prolactin, follicle stimulating hormone, growth hormone and thyroid stimulating hormone. The sheep anti-rabbit 7-globulin s was used at a dilution of 1:80. Each assay was composed of 16 different concentrations of purified bovine LH standard 6 ranging from 25 pg to 50 ng/tube, 75 unknown serum samples and aliquots of two plasma pools. Aliquots of .1 and .2 ml were assayed for each unknown sample and the intraassay coefficient of variation was less than 10%. The two bovine plasma pools had LH concentrations of .7 and 8.1 ng/ml and the interassay coefficients of variation were 9.3 and 5.3%, respectively. Recovery of added amounts of LH standard from .2 ml of serum ranged from 97 to 100%.
Least squares means were obtained and analyzed by split-plot analysis of variance for data with unequal subclass numbers using the methods of Harvey (1975) . Mean differences were tested using Duncan's multiple range test.
B ESU LT$
Hormone Concentrations 9 Serum LH concentrations increasedlinearly (P<.01) between 7 and 13 months of age (table 1) for all bulls combined (y = .14 + .25x, r = .39). Breed differences in LH concentrations were not observed between 7 and 11 months of age (i.e., through puberty). Mean LH concentration averaged over the entire evaluation period was higher for RP than for H bulls (P<.05).
Serum T concentrations (table 2) averaged for all bulls also increased linearly (P<.01) between 7 and 13 months of age (y = .93 + .46x, r = .37). Hereford, HXA and AXH bulls exhibited linear increases (P<.01) between 7 and 13 months, while more complex patterns and greater fluctuations from month to month were observed for A, RP and BS bulls ( Testicular Development. Scrotal circumference increased linearly with age (P<.01)within each breed group (figure 2) and when averaged across all bulls (y = 12.63 + 1.52x r = .88). Testis size, as indicated by scrotal circumference (Hahn et al., 1969) , was smaller (P<.01) for H bulls and larger (P<.01) for BS bulls than for other breed groups throughout the study. Correlations of serotal circumference to age, weight and hormone concentrations are given in table 3.
Sperm Production. Spermatozoa appeared in
ejaculates from BS bulls at a much younger age (P~.01) than in other bull groups (table 4), with one BS bull having immotile sperm present in the first eleetroejaculated sample at 210 days of age. Brown Swiss bulls were also heavier than other breed groups at first sperm production, weighing 25 kg more than A (P<.05) and 29, 29, 39 and 49 kg more than H XA, AxH, RP and H bulls (P~.01). Breed differences in serotal circumference at first sperm production were not as marked as were differences in age and weight at first sperm (table 4). Scrotal circumference in crossbred groups did not differ (P>.lO) at first sperm production but tended to be more similar to straightbred bulls of the sire breed than to those of the dam breed (i.e., HX A were similar to H, and A• H were similar to A).
At first production of motile sperm, BS bulls were 26 to 47 days younger and 21 to 39 kg heavier than other breed groups (P<.05). The time lag between appearance of first sperm and production of first motile sperm was very short for A, AX H and BS bulls (8, 5 and 11 days) and much longer (P<.05) for H, HX A and RP bulls (28, 24 and 31 days). There were no breed differences in scrotal circumference at production of first motile sperm (P>.10), and average circumference for all bulls was 27.0 + .3 cm (table 4) .
At first production of 50 x 106 sperm possessing a minimum of 10% progressive motility, BS bulls were 19 to 62 days younger and 16 to 37 kg heavier than other bull groups (table 4). Hereford bulls reached this criterion of puberty later (P<.05) than all other breed groups. There were no breed differences (P>.10) in scrotal circumference at production of 50 x 106 sperm with 10% motility (table 4). The range in scrotal circumference at puberty (i.e., 50 x 106 sperm) was 25.9 to 30.1 cm, and 32% of the bulls reached puberty at <~27 cm, (table 4) . Hereford and Hx A bulls were the latest to exhibit sexual interest and acquire mating ability. Mean age at first completed mating tended to be earlier in crossbreds combined (HX A and Ax H) than in H and A straightbreds combined (354 vs 363 days of age). No difference (P>.10) existed between breed groups for weight at first sexual interest, but BS and HXA tended to be the heaviest (table 4) . Comparing body weight at first completed mating, BS and H bulls weighed the least and A and HX A were the heaviest (P<.05) breed groups.
Sheath-Penis Detachment. Average age at complete sheath-penis detachment was intermediate between age at first attempted mating and age at first completed mating in all bull groups (table 4) . Complete detachment occurred 50 to 85 days earlier (P<.01) in BS bulls than in other breed groups. Three bulls (one each in A, HX A and Ax H groups) were able to complete their first mating before separation of the penis and sheath was complete. The time lag between first sexual interest and complete sheath-penis detachment was 62 days for A bulls, a longer (P<.01) time period than the 8 to 37 days required for other breed groups.
Discussion
In its fullest sense, puberty occurs when bulls attain the ability to produce viable spermatozoa, exhibit sexual aggressiveness and penile development permits intromission and ejaculation (Foote, 1969) . However, since these three events do not occur simultaneously, a variety of definitions of puberty have been proposed. The most widely accepted is to define puberty as the age at which the first ejaculate containing a minimum of 50 x 106 total spermatozoa with at least 10% progressive motility is collected (Barber and Almquist, 1975; Killian and Amann, 1972; Wolf et al., 1965) . The discussion of pubertal characteristics below will refer to this definition of puberty. Other criteria of puberty, such as first sperm, first motile sperm, first sexual interest, and first completed mating, have been included in the results section to facilitate comparison to other publications.
Averaged across all bulls in this study, serum concentrations of LH increased (P<.01) linearly with advancing age around the time of puberty. This pattern is in agreement with the general increases reported for young Hereford (Swanson et al., 1971) and Holstein bulls (MacMillan and Hafs, 1968) . Increases in LH concentrations preceding puberty also have been reported in rats (Davidson, 1974) and rams (Lee et al., 1976) . Concentrations of serum T also increased (P<.01) linearly with advancing age when averaged across all bulls between 7 and 13 months of age. The increase in T concentration through puberty agrees with published data for Holstein (Rawlings et aL, 1972) and Friesian bulls (Secchiari et aL, 1976) and is supported by reports of similar neopubertal increases in systemic T levels for rams (Lee et al., 1976) and rats (Resko et al., 1968) .
Our ,observation that LH and T increased gradually as bulls approached puberty supports the hypothalamic desensitization theory of sexual maturation (Odell and Swerdloff, 1974) , However, it has been reported that induced LH surges do not stimulate increased T secretion until bulls are 6 months of age or older (Mongkonpunya et al., 1975) , indicating that the testes of prepubertal bulls become more responsive to LH stimulation as puberty approaches. Thus, our data also supports the theory of increasing Leydig cell responsiveness.
In general, breed groups with high average T tended to reach puberty earlier than breed groups with low average T concentrations (table  2) . The correlation between average T and age at puberty was -.51 (P<.01). Average T concentration was not related (P>.10) to body weight (r = .07), scrotal circumference (r = .22) or LH concentration at puberty (r = .26), nor was it related to age at first sexual interest (r = -.26). However, stronger (P<.01) relationships existed between average T concentrations and age at complete sheath-penis detachment (r = -.48) and age at first completed mating (r = -.46), supporting the androgen-dependency of preputial separation (Korenbrot et al., 1977) and indicating that attainment of mating ability is related to circulating T concentrations (Blockey, 1975) .
Scrotal circumference at puberty (27.9 -+ .2 cm) was relatively constant among breeds and across bulls differing widely in age and weight at puberty (table 4) . The correlation between scrotal circumference averaged across the entire evaluation period and age at puberty was -.65 (P<.01), indicating that scrotal circumference may be more useful than other characteristics for the prediction of age at puberty. The average of two measurements of scrotal circumference, one taken at 7 months and one at 10 months of age, served to predict age at puberty even more accurately (figure 3). The predictive value of the 7 and 10 month average did not appear to be affected by breed, and measurement of scrotal circumference may be a reliable means of identifying pubertal age in bulls, regardless of differences in body weight, calendar age or breed.
Scrotal circumference is more easily obtained than sperm production or behavioral measurements and should be useful in the selection of beef bulls for early sexual maturi W. The potential of selection programs based on scrotal circumference is reinforced by the rather high heritability reported for this characteristic in bulls (h = .67, Coulter et al., 1976) . In addition, the selection of young male sheep and mice for rate of testicular growth has been shown to be related to earlier puberty and improved reproductive capacity in geneticallyrelated females (Land and C_arr, 1975; Islam et al., 1976) . However, it is known that nutrition and environment can affect pubertal age in bulls (VanDemark, 1956) Figure 3 . Relationship between average scrotal circumference and pubertal age. Average scrotal circumference is the mean of two measurements, one taken at 7 months and one taken at 10 months of age. Symbols represent individual bulls of the breed groups indicated. No point deviates more than -+.9 months from the regression line. these factors on testis growth requires further investigation.
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